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ional H2O Project (IHOP_2002), which was conducted during May and June 2002
in the Southern Great Plains of the United States, was used to validate a remote sensing-based Vegetation
Transpiration Model (VTM). The VTM is based on the linkage between transpiration and photosynthesis, and
has been successfully tested over forest landscapes. This study is the first evaluation of the VTM model over
grasslands. Since grasslands represent a significant proportion of the Earth's terrestrial surface, this research
marks an important step toward applying a satellite-based transpiration model over a landscape that plays a
critical role in numerous biogeochemical cycles on both regional and global scales. Comparison of the model
output with observer transpiration showed the VTM tended to overestimate transpiration under sparely-
vegetated conditions and overestimate transpiration when the vegetation was full. These results indicate that
explicitly incorporating the effects of LAI into the VTM could improve model estimates of transpiration; they
also underscore the importance of soil evaporation in grassland environments and consequently the need for
a companion soil evaporation model that works with the VTM.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Evapotranspiration (ET), the combined transport of moisture from
the land surface to the atmosphere by soil evaporation and vegetation
transpiration (TR), is a fundamental process linking numerous
hydrologic, atmospheric, and ecological processes. Globally, nearly
two-thirds of the precipitations that falls over land is returned to the
atmosphere via ET (Baumgartner and Reichel,1975); thus, ET is clearly
an important component of the water cycle and hydrologic processes.
Furthermore, as an integral component of the surface energy budget,
ET is also linked to a variety of atmospheric processes (Pielke et al.,
1998, 2007) ranging from the development of mesoscale circulation
patterns (Hanesaik et al., 2004; Raddatz, 2007) to the evolution of the
atmospheric boundary layer (LeMone et al., 2002, 2007a) and the
development of convective storms (Pielke, 2001). The TR component
of ET is closely connected to many ecological and biogeochemical
processes ranging from nitrogen cycling (Schulze et al., 1994) to
carbon uptake through photosynthesis (Farquhar and Sharkey, 1982).

Many researchers have sought to use remotely sensed data to
understand and model the role of the land surface in environmental
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processes (e.g. Potter et al., 1993; Ruimy et al., 1994; Prince and
Goward, 1995; Jiang and Islam, 2001; Norman et al., 2003; Anderson
et al., 2004; Tian et al., 2004; Batra et al., 2006; Jin and Liang, 2006).
This study applies a remote sensing-based photosynthesis model, the
Vegetation Photosynthesis Model (VPM), and specifically the tran-
spiration or Vegetation TranspirationModel (VTM) component of that
model, over grasslands using data collected as a part of the 2002
International H2O Project (IHOP_2002; Weckworth et al., 2004;
LeMone et al., 2007b). The VTM is built on the close relationship
between photosynthesis and transpiration and utilizes water use
efficiency (WUE) and gross primary production (GPP) to estimate
transpiration. GPP data are estimated by the VPM using satellite
imagery, air temperature, and photosynthetically active radiation
(PAR; Xiao et al., 2004a,b, 2005).

While the VPM and the VTM previously have been validated over
forested regions (Xiao et al., 2004a,b, 2005, 2006), they have not yet
been tested against observations collected over grasslands. Such a
model evaluation is important because these ecosystems are a major
component of terrestrial land use and land cover. Grasslands
constitute approximately 52.5×106 km2 or 41% of the earth's
terrestrial, ice-free surface (White et al., 2000). This includes 41% of
the land cover of North America (Suyker and Verma, 2001) and 22% of
Europe (Soussana et al., 2007). Due to the ubiquitous nature of
grasslands, they play an important role in land–atmosphere exchange

mailto:dniyogi@purdue.edu
http://dx.doi.org/10.1016/j.gloplacha.2008.12.003
http://www.sciencedirect.com/science/journal/09218181


Fig. 1. The locations of the ten IHOP_2002 surface sites and their associated flight tracks are shown. The 10 surface sites can be divided into three subsets with each grouping
associated with one of three flight tracks that were followed when aircraft were used to carry out atmospheric and surface observations.

Table 1
The location and a summary of the environmental conditions for the 10 IHOP_2002
surface sites are shown.

Site Location Latitude
(°N)

Longitude
(°W)

Elevation
(m)

Environmental Conditions

1 Booker, TX 36.4728 100.6179 872 Fallow; persistent drought
2 Elmwood, Ok 36.6221 100.6270 859 CRP grassland; persistent

drought
3 Beaver, OK 36.8610 100.5945 780 Sand-sagebrush; persistent

drought
4 Zenda, KS 37.3579 98.2447 509 Pasture; intermediate

precipitation
5 Spivey, KS 37.3781 98.1636 506 Winter wheat; intermediate

precipitation
6 Conway

Springs, KS
37.3545 97.6533 417 Winter wheat; intermediate

precipitation
7 New Salem,

KS
37.3132 96.9387 382 Pasture; water surplus

8 Atlanta, KS 37.4070 96.7656 430 Grassland; water surplus
9 Grenola, KS 37.4103 96.5671 447 Pasture; water surplus
10 Beaver, OK 36.8701 100.6180 785 Heavily grazed pasture;

persistent drought
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processes and subsequent atmospheric phenomena (Burba and
Verma, 2005).

Compared to the grasslands presented here, the forested regions
used to develop the VPM and VTM models — for example, the mixed
coniferous and hardwood forest at the Howland Forest Ameriflux site
(Hollinger et al., 1999; Xiao et al., 2005)— have very different physical
and canopy characteristics. As a result, grasslands and forested regions
have very different moisture exchange characteristics; for example,
grasslands tend to have a higher evaporative fraction and canopy
resistance than forests (Kelliher et al., 1993). Thus, model validation is
needed both to assess the skill of the VPM/VTM and to isolate those
aspects of the model that would benefit from further development.

The following section briefly describes the IHOP_2002 field
campaign including the surface observation sites and data collection
methods. Section 3 explains the scaling scheme used to estimate
transpiration fromthe totalmoisturefluxobservedduring IHOP_2002. It
also contains an overview of the VTM. Section 4 describes the results of
the comparison of the modeled and observed moisture flux. Section 5
presents the conclusions drawn from the analysis.

2. Site description and data collection methods

2.1. 2002 International H2O Project

This study used estimates of evapotranspiration derived from the
observed latent heat flux measured during May and June 2002 as a
part of IHOP_2002, a multi-agency field campaign conducted in the
Southern Great Plains (SGP) of the United States. While a complete
description of the field program is given by Weckworth et al. (2004)
and LeMone et al. (2007b), a brief summary of IHOP_2002 is provided
here. The research domain, which includes portions of Kansas, Oklahoma,
and Texas (Fig. 1), incorporated a broad range of environmental
conditions. For example, a strongwest–east precipitation gradient existed
across the domain. The western third of the IHOP_2002 domain
experiencedaprotractedperiodof severedroughtprior to and throughout
the duration of the field campaign (Oklahoma Water Resource Board,
2002; LeMone et al., 2007b). The eastern third of the domain experienced
a water surplus; from data available for Cowley County, Kansas, the
location of the easternmost three IHOP_2002 sites, precipitation during
May and June 2002 exceeded 356 mm, nearly 46% above normal (Kansas
State University Weather Data Library, available at www.oznet.ksu.edu/
wdl /KSPCP.htm, 2004). The research domain also represented a broad
range of land cover types from bare ground and croplands
(primarily winter wheat) to grasslands and sagebrush rangelands.
The field campaign included ten surface sites distributed across the
IHOP_2002 domain (Fig. 1; Table 1). Each of these sites represented a
combination of land use and environmental conditions that were
typical of the surrounding region. As such, the sites included fallow,
cropped, and grassland surfaces and dry, intermediate, and wet
moisture conditions. While the analyses were conducted using all
vegetated surface sites, three representative grassland sites are the
focus of this paper. These three sites are Site 2, Site 4, and Site 9 (Fig. 2).
Site 2 (Fig. 2a) was a sparsely-vegetated grassland site located in the
panhandle of Oklahoma. A mixture of native C3 and C4 plant species
that formed a mosaic of clumped vegetation and bare soil dominated
Site 2. The leaf area index (LAI) — the one-sided leaf area per unit
area of land surface — changed little during the field campaign; the
LAI ranged from 0.15 m2 leaf m−2 ground (m2 m−2 hereafter) to
0.34 m2 m−2 and had an average value of 0.20 m2 m−2. Similarly, this
site had a greenness fraction (Fg) — the fraction of the land surface
covered with green vegetation — that ranged from 0.32 at the
beginning of the field campaign to a peak value of 0.44 on 16-June
and 0.35 at the end of IHOP_2002. This site, which was located in the
western portion of the IHOP_2002 domain, received approximately
34 mm of rain during the field campaign. Site 4 (Fig. 2b) was a
grassland site located in central Kansas. The LAI and Fg at this site
initiallywere 0.21m2m−2 and 0.43m2m−2, respectively, but gradually
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Fig. 2. Views of the three IHOP_2002 field sites that are the focus of this work presented here are shown. These sites are (a) Site 2, (b) Site 4, and (c) Site 9. Additional information and
photographs of the field sites can be found at www.ral.ucar.edu/projects/land/IHOP/index.htm.
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increased to plateau values 1.07m2m−2 and 0.90m2m−2, respectively,
by mid-June. Site 4 received nearly 60 mm of rain during IHOP_2002.
Site 9 (Fig. 2c) was a grassland site located within the Walnut River
Watershed in southeastern Kansas. This site, which again contained a
mixture of C3 and C4 species, had a LAI ranging from 0.43 m2 m−2 to
2.0m2m−2. At this site, Fg had a constant valueof 1.0 during IHOP_2002.
Themeasured rainfall at this Site 9 exceeded117mmfor thewhole of the
field campaign.

2.2. Flux data collection

While a complete description of the surface data collected during
IHOP_2002may be found in LeMone et al. (2007b), a brief overview of
the data used in this study is given here. The data collected included a
full suite of micrometeorological, surface energy flux, and soil
properties measurements (Table 2) collected on a continuous basis.
The sensible (H) and latent (λE) heat fluxes were measured using the
eddy covariance method. The soil moisture and temperature data
were collected at a depth of 5 cm. The datawere stored as 5-min block
averages which were post-processed using a standard suite of
corrections and aggregated to 30-min data. Also, the latent heat flux
Table 2
The continuous and period observations conducted at each of the IHOP_2002 surface
sites are enumerated.

Continuous Micrometeorological
measures

Air temperature; atmospheric pressure; mixing
ratio; rain amount and intensity; wind speed and
direction

Radiative measures Incident shortwave radiation; incident longwave
radiation; net radiation; photosynthetic active
radiation; surface temperature

Surface energy flux Latent heat flux; sensible heat flux; soil heat flux
Soil properties Soil moisture; soil temperature

Periodic Surface
characteristics

Surface soil moisture; soil type; multispectral
reflectance; leaf area index; vegetation height;
vegetation type

These observations include micrometeorological, radiative, surface energy flux, soil
property, and surface characteristic data.
was converted to a daily total ET to facilitate comparisonwith the VTM
output.

In order to characterize the surface conditions, periodic biophysical
measurements were also made at each of the surface sites at five to
ten-day intervals (Table 2). The characterization of the surface
included measures of vegetation properties, such as LAI and Fg, and
soil properties such as soil texture and soil moisture content (θ).

3. Evapotranspiration models

3.1. Estimation of transpiration from the IHOP_2002 data

In order to estimate the fraction of the total moisture flux
measured at each of the IHOP_2002 sites that could be attributed to
transpiration, the surface resistance (rs) was first calculated using an
inverted form of the Penman–Monteith (P–M) equation as follows:

rs =
ra Δ Rn − Gð Þ− λE Δ − γð Þ½ � + ρcpD

γλE
ð1Þ

where ra is the aerodynamic resistance, Δ is the slope of the saturation
vapor pressure–air temperature curve, Rn is the net radiation, G is the
soil heat flux, λE is the latent heat flux, γ is the psychrometric
constant, ρ is the air density, cp is the specific heat, and D is the vapor
pressure deficit. The canopy resistance (rc) was then derived from rs
by scaling rs as a function LAI following the method developed by
Hatfield and Allen (1996). Using this method rc is estimated as
follows:

rc =
0:3LAI + 1:2

LAI
rs ð2Þ

Finally, the component of λE associated with transpiration was
calculated by inserting this estimate of rc back into the P–M equation.

λETR =
Rn − Gð Þ + ρcpD

ra

Δ + γ rc
ra

− 1
� � ð3Þ
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Fig. 3. The observed and modeled moisture flux (a), difference between the observed and modeled transpiration (b), rainfall amount and soil moisture content (c), and greenness
fraction and leaf area index (d) are shown for Site 2.
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Since this technique cannot account for the evaporation of water
intercepted by the canopy or ponded at the surface, only days without
rainfall were considered for further analysis.

3.2. The VTM model

The VTM combines WUE and GPP to estimate TR. In brief, TR is
estimated by scaling GPP by δg as follows:

TR = δg × GPP ð4Þ

where δg is WUE (μmol H2O/μmol CO2). At leaf level, δg=500 (μmol
H2O/μmol CO2) for C3 plants and δg=250 (μmol H2O/μmol CO2) for
C4 plants (Taiz and Zeiger, 2002).

GPP is estimated from the Vegetation PhotosynthesisModel (VPM)
as

GPP = eg × FPARchl × PAR ð5Þ

where εg is the light use efficiency (μmol CO2/μmol PAR), FPARchl is
the fraction of PAR absorbed by leaf chlorophyll, and PAR is the
photosynthetically active radiation. The detailed description of the
VPMmodel is given in other papers (Xiao et al., 2004a,b, 2005, 2006);
a brief review is presented here.

The VPM model uses two vegetation indices: the enhanced
vegetation index (EVI; Huete et al., 1997) and the land surface water
index (LSWI; Xiao et al., 2004a). EVI is defined as

EVI = 2:5 ×
ρnir − ρred

ρnir + 6ρred − 7:5ρblueð Þ + 1

� �
ð6Þ
where ρnir is the near infrared reflectance, ρred is the red reflectance,
and ρblue is the blue reflectance at the surface. LSWI is defined as

LSWI =
ρnir − ρswir

ρnir + ρswir
ð7Þ

where ρswir is the shortwave infrared reflectance. EVI is used as a
proxy for FPARchl and LSWI is used to calculate the light use efficiency
(εg).

The light use efficiency is defined as

eg = e0 × Tscalar × Wscalar × Pscalar ð8Þ

where ε0 is the maximum light use efficiency, and Tscalar, Wscalar, and
Pscalar are down-regulation scaling factors for the effects of tempera-
ture, water, and leaf phenology on light use efficiency.

Each of the scaling factors can be determined utilizing either
surface observational data or remotely-sensed data. The scaling factor
for temperature effects, which was developed for the Terrestrial
Ecosystem Model (Raich et al., 1991), is calculated as

Tscalar =
T − Tminð Þ T − Tmaxð Þ

T − Tminð Þ T − Tmaxð Þ½ �− T−Topi
� �2 ð9Þ

where T is the air temperature, and Tmin, Tmax, and Topt are the
minimum, maximum, and optimum temperatures for photosynthetic
activity, respectively. The scaling factor for water is derived from the
LSWI as:

Wscalar =
1 + LSWI

1 + LSWImax
ð10Þ
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where LSWImax is the maximum LSWI value within the plant growing
season. Finally, the scaling factor for leaf phenology is:

Pscalar =
1 + LSWI

2
ð11Þ

prior to full expansion of the leaf and

Pscalar = 1 ð12Þ

after full expansion of the leaf. For the purposes of this study, which
uses data collected during the summer months, Pscalar is held constant
as 1.

4. Results

4.1. IHOP_2002 Site 2

Over the rain-free days during the whole of the IHOP_2002 field
campaign, the total observed ET and TR were 80.6 mm and 17.2 mm,
respectively. The sum of the modeled TR from the VTM for the same
period, which was more than three times the TR derived from the
observations, was 54.5 mm. On a daily basis, the difference between
the observed and modeled TR (Δ) was approximately 1.25 mm,
however, the magnitude of this difference varied over time (Fig. 3). By
plotting Δ as a function of θ (Fig. 4), it can be seen that the data is well
correlated (r=0.82). While θ is not considered directly by the VTM, θ
may impact the VTM through its influence on the LSWI. The
shortwave infrared reflectance used to calculate LSWI is sensitive to
both the moisture content of the vegetation and the soil (Xiao et al.,
2002). Given the sparse vegetation cover at Site 2, the signal from the
bare surface most likely corrupts the shortwave infrared reflectance
measurement, thus the estimate of LSWI. Since LSWI is used in the
Fig. 4. The relationship between the difference in modeled and obse
calculation of both Wscalar and Pscalar, any error in determining LSWI
would propagate through to the modeled TR.

4.2. IHOP_2002 Site 4

The observed and modeled TR for Site 4 were 34.3 mm and
25.1 mm, respectively. Although the 9.1 mm difference between these
values is substantially lower than the 37.3 mm difference between the
modeled and observed TR at Site 2, the VTM still fails to capture the
observed TR (Fig. 5). While the difference in TR values can again be
linked to θ, LAI is also influential at this site. For values of LAI less than
0.5, the VTM tends to overestimate TR, on average by 1.2 mm d−1.
Furthermore, under these more sparsely-vegetated conditions, a
similar, albeit less well-defined, relationship exists between Δ and θ
(Fig. 6). When LAI exceeded 0.9, the VTM underestimated TR by an
average of 2.1 mm d−1. The magnitude of the underestimate is
proportional to θ.

4.3. IHOP_2002 Site 9

At Site 9, the total TR derived from the observational data was
85 mm or 87% of the total ET (99 mm) measured at the site. In
contrast, the VTM, which calculated a total TR of only 24 mm,
underestimated TR by as much as 4.3 mm d−1. As was the case at Site
4, the error in VTM can be linked to θ and LAI at Site 9 (Fig. 7). When
LAI was low, i.e. less than 0.5 m2 m−2, Δ is weakly correlated with θ
(Fig. 8); however, the range in θ was too small to demonstrate a clear
pattern such as was found at the other IHOP_2002 sites. At the higher
values of LAI, which ranged from 0.67 m2 m−2 to 2.0 m2 m−2, Δ was
poorly correlated with θ. However, the range in θ was again limited to
near-saturation conditions (Fig. 8). As can be seen in Fig. 9, the
difference is strongly correlated to LAI (r=0.92). This result points out
rved transpiration and soil moisture content is shown for Site 2.



Fig. 6. The relationship between the difference in modeled and observed transpiration and soil moisture content is shown for Site 4.

Fig. 5. The observed and modeled moisture flux (a), difference between the observed and modeled transpiration (b), rainfall amount and soil moisture content (c), and greenness
fraction and leaf area index (d) are shown for Site 4.
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Fig. 8. The relationship between the difference in modeled and observed transpiration and soil moisture content is shown for Site 9.

Fig. 7. The observed and modeled moisture flux (a), difference between the observed and modeled transpiration (b), rainfall amount and soil moisture content (c), and greenness
fraction and leaf area index (d) are shown for Site 9.
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Fig. 9. The relationship between the difference in modeled and observed transpiration and leaf area index is shown for Site 9.
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both the importance of LAI in characterizing TR in grasslands and a
second potential shortcoming of using the VTM over grasslands: the
model does not explicitly consider the effects of LAI.

5. Conclusions

The results of this study suggest the MODIS-based VTM model
reproduce the observed TR from grasslands poorly. Themodel tends to
overestimate TR under sparsely vegetated conditions and under-
estimate TR at high values of LAI. When the vegetation is sparse, i.e.
there is a low LAI, the characteristics of the exposed soil— for example,
moisture content — could influence LSWI. An inaccurate estimate of
LSWI would propagate into the estimate of TR by the VTM. When the
vegetation is full, the underestimate is directly related to LAI. In both
cases, the explicit consideration of LAI in the model could improve the
VTM's ability to model TR over grasslands.

An additional limitation of the model that could impact its ability
to estimate TR over grasslands is the assumption of a constant WUE.
While this assumption may be reasonable at the leaf level, it could be
problematic at ecosystem scales and could contribute to the over-
estimate of moisture exchange by the VTM. As such, the discrepancy
between the observed and modeled moisture flux indicates the need
for further development of the VTM. Specifically, an improved
representation of the diurnal and inter-seasonal variability in WUE
could enhance the model's ability to reproduce the TR observed over
grasslands.

A third limitation of the VTM is that it uses a relatively simplistic
expression (Eq. (4)) to estimate TR. As a result, it does not explicitly
consider the environmental factors (e.g. incident solar radiation, air
temperature, humidity, plant phenology, etc.) that can have a
substantial influence on TR (Alves and Pereiera, 2000; Alfieri et al.,
2007a). For example, Alfieri et al. (2007b) showed for the grasslands
in the IHOP_2002 domain TR is closely linked to changing species
distribution and plant phenology. As a result, the VTM is not able to
reproduce the short-term variability in TR that is linked to changing
environmental conditions. This could impact both the daily estimates
of TR by the VTM and longer termwater budgets derived from model
data.

The results of this study also underscore the importance of soil
evaporation in grassland environments. Particularly at the sparsely
vegetated sites, soil evaporations accounted for as much as 80% of ET.
Thus, in order to fully capture moisture exchange in grasslands with a
remote sensing model, a soil evaporation model is needed that can be
used in conjunction with the VTM.
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